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We show here that the imipenem (a carbapenem,/%lactam ntIbiotIc)-permeable porin channels (protein D2 or OprD2) of Pseudonror~as urrugrnosa 
were closed mostly in the hpopolysacchartde (LPS)-free membrane and were openable by adding LPS to the membrane as assayed by ion 
conductivity measurements using planar hpid bilayers. Open and closed states of the OprD2 channels exhibited conductivtties of about 400 and 
30 pS, respectively. in 1 M NaCl. The 0prD2 channel in the LPS-contammg membrane showed very rapid opening and closing events in a second 
order and the duration of closure became longer at low membrane potenttals. 
Channel: Gate: Porin; Conductivrty: Antibtotic. Lipopolysacchande 
1. INTRODUCTION 2. MATERIALS AND METHODS 
Porins are the channel-forming membrane proteins 
primarily found in the outer membrane of gram-nega- 
tive bacteria [1.2]. The water-filled porin channel has 
low stereospecific solute selectivity, but discriminates 
solutes according to their size [1,2]. Ion conductivity 
measurements of Escherichia coli porins showed that 
the channels w-ere opened permanently [3]. but closed as 
the transmembrane potential exceeded critical values [4] 
or when added the membrane-derived oligosaccharide 
[5]. Patch-clamp studies of large spheroplasts revealed 
that E. coli porins were mostly closed, but openable by 
applied hydrostatic pressure [6]. 
Pseudomonas aeruginosa,which is a pathogen to im- 
munocompromised patients, produces three porins. 
namely proteins C, D2 and El (OprC, D2, El) [7]. 
These allow the diffusion of saccharides of M, less than 
350400 [7]. Protein F is reportedly a porin but this is 
a matter for debate. The broad spectrum of antibiotic 
resistance of P. aeruginosa is probably attributable to 
its low antibiotic permeability [S]. 0prD2 is unique 
among the porins, since this protein is consistently mis- 
sing in the mutants resistant to imipenem, suggesting 
that OprD2 facilitates imipenem diffusion [9,10]. Anti- 
biotic permeability through this porin is extremely poor 
in vitro, except for imipenem [ 111. The channel forming 
activity of OprD2 became lo-fold higher as it was 
treated with trypsin suggesting that trypsin cleaved off 
the gate-forming domain. leaving the channel forming 
domain intact [ 121. 
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2.1. Pur&utton of OprD2 
We purtfied OprD2 by DEAE-chromatography m non-iomc surfac- 
tants as described m [7]. OprD2 was kept in 5 mM octaethyleneglycol 
dodecylether (C,,E,), 150 mM NaCI, 10 mM N-2-hydroxyethyl 
piperazme N’-2-ethane sulfomc actd (HEPES) buffer, pH 8.0. 
2.2. Formutton of plunur Itptd hrluvers and cotducttrtt~ meusurmtet~f 
We formed planar lipid btlayers by the procedure described earher 
[3]. A Teflon chamber, separatmg two aqueous phases by a thin Teflon 
film (25 pm) with an onfice of 0.330.4 mm in diameter was used. 
The ortfice edge was precoated with 0.3 ~1 of 2 mg L-CL- 
diphytanoylphosphatidyl choline (dtPhy-PC) per ml of hexane. We 
took 2 ~1 of 10 mg diPhy-PC per ml of n-decane on a brass wtre sleeved 
with a Teflon tubmg and hghtly apphed it onto an ortfice of the septum 
Immersed m the salt solutton m the chambers. Electrical capacitance 
increased to about 0.5 pF/cm’ wtthin a few min, indtcating bilayer 
formation. Electrtcal resistance of the membrane appeared to be con- 
sistently higher than 400 GRlcm’ Protein to be tested was added to 
the c1.y compartment m which a 10 GQ probe was immersed. This was 
stirred by a magnettc bar for 60 s and the conductivity was recorded 
through Ag-AgCI: electrodes connected to a patch-clamp amplifier 
CEZ-2200 (Nihon-Kohden) by the voltage-clampmg mode. Mem- 
brane potential was applied through a sttmulator SEN-3301 (Nihon- 
Kohden). Stgnals were recorded by a digital recordtng oscilloscope 
2232 (Tektromx) and a pen recorder LR4201 (Yokogawa). 
2.3. Preparation of lipopolysucchurkie i LPSi 
We purltied the LPS from Sulmonella typhrmurtum TA2168 produc- 
mg a deep rough LPS by the procedure described in [13]. An aqueous 
suspension of LPS was subJected to extensive electrodtalysts unttl the 
current stabilized at less than 1 mA at 1.000 V. It was then lyophtlized. 
dissolved m n-decane and mtxed wnh diPhy-PC. This was used to form 
lipid btlayers as above. 
3. RESULTS AND DISCUSSION 
To provide direct evidence that OprD2 is the channel- 
forming protein, we added 4x10-” mol of highly puri- 
fied OprD2 (Fig. 1) into a cis compartment of the cham- 
bers divided by a planar lipid bilayer. We observed 
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small stepwise conductance increments in the mem- 
brane containing diPhy-PC (Fig. 2a). The conductance 
ranged from 20 pS to about 100 pS in 1 M NaCl. The 
most frequent channel conductance appeared to be 20 
to 30 pS (Fig. 2b). We also observed these small chan- 
nels most in the bilayers formed from asolectin (data 
not shown). It seems difficult that these small channels 
accommodate the diffusion of saccharides and 
imipenem. Moreover, we consistently observed large 
channels ranging from about 200 to 500 pS in 1 M NaCl 
in the bilayers formed from diPhy-PC (data not shown) 
at the frequency of about 2-3% of that of the small 
channel. Our interpretation of these results was that 
over 95% of the 0prD2 channels exist in closed states, 
and only a small proportion of the channels are open 
in membranes containing diPhy-PC or asolectin. We 
reported recently that 0prD2 showed a 10 times higher 
solute permeability when treated with trypsin, suggest- 
ing that the gate-forming domain was cleaved off’l2]. 
This and the above results suggest that in the liposome 
assay, we might be determining the diffusion of sac- 
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Fig. 1. SDS-acrylamide gel electrophoretogram of highly purified pro- 
tein D2. Lane A: molecular weight markers. Lane B: 3 pg of pwfied 
OprD2. 
b 
Fig. 2. Channel conductiwty of OprD2 m d]Phy-PC membrane. (a) 
Typical conductivity increments by OprD2 in the LPS-free membrane 
A, OprD2 (4x10-” mol /ml) was added. The bath solution contained 
1 M NaCI-2 5 mM 2(N-morphohno)ethane sulfomc acid (MES)- 
NaOH buffer. pH 5.9. An electrxal potential of +I00 mV was applied. 
B: conductivity of the hpid bllayer as 15 nmol of C,,E, per ml was 
added. (b) Distrlbutlon of OprD? channel conductance m the LPS-free 
membrane. Conductance of OprD? measured m planar membranes 
contammg d]Phy-PC only was recorded over 400 channel events 
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Fig. 3. Conductance of the OprD? channel m the presence of LPS. 
(a) Two examples with different chart speeds are shown. Bath solution 
used was 1 M NaCI, 5 mM MgCl?. 2.5 mM MES-buffer, pH 5.9. The 
applied membrane potential was +lOO mV (b) Histogram of the 
OprD2 channel m the presence of LPS. 
450 500 550 600 650 700 
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charides and imipenem through only a fraction of the 
OprD2 channel, namely through those in the open state. 
In search of the component(s) that opens the 0prD2 
channel, we reconstituted planar lipid bilayers from a 
mixture of LPS and diPhy-PC in n-decane. As we added 
about 6x10-” mol of 0prD2, we observed an abrupt 
increase in membrane conductance and the membrane 
broke soon after. Reducing the amount of OprD2 to the 
small level of 1.5 to 3~10~‘~ mol. we observed discrete 
channel activity (Fig. 3a). The amount of protein re- 
quired was about l/20 of that used in the LPS-free 
membrane. Under these conditions, we predominantly 
observed large channels. A histogram showed that the 
most frequent channel appeared to be 350400 pS (Fig. 
3b). This value is higher than that of the channel con- 
ductance of another P. aerugirzosu porin, OprEl [14], 
and lower than that of the E. coli porins [3,4]. The 
conductance appearing in the LPS-containing mem- 
brane was more than 10 times larger than that in the 
LPS-free membrane. A low frequency of appearance of 
large channels in the diPhy-PC or asolectin membrane 
might have been attributable to a small amount of LPS 
contaminating in the porin preparation. The OprD2 
channels reconstituted in the LPS-containing planar 
membranes showed the highest frequency of opening 
and closing in a second order (Fig. 4a). ever docu- 
mented among the porin channels except for one very 
recent report [15]. We consistently recorded this high 
gating activity in the channels in the presence of LPS 
suggesting that LPS promotes the gating activity of the 
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Fig. 4. Potential-dependent openmg and closmg of the OprD3 channel in the LPS-containing membrane. (a) Closmg of the open state of the channel 
by lowering the membrane potential When several channels were incorporated. negative potential was lowered from - 100 mV at IO-mV Intervals 
in a stepwise manner. The figure shows the channel actlvlty with only the relevant charts given for simphcity. We recorded the conductances wlthout 
adjusting the recorder sensitivity as the membrane potential was changed and therefore marked only the number of channels opened. 
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Fig. 4. (continued). (b) Voltage-dependent opening of the OprD? channel. After lncorporatlon of the channels at +lOO mV, the membrane potential 
was lowered to zero and the negative potential was increased stepwtse at IO-mV intervals. The figure shows only -100 mV (A) and -50 mV (B) 
for simplicity. Bath solution contained 1 M NaCI. 5 mM MgCl:, 2.5 mM MES. pH 5.9. 
OprD2 channel. We observed that the probability of 
opening of this channel became much lower when the 
negative membrane potential became lower than 50 to 
70 mV (Fig. 4a). The channels were openable by raising 
the membrane potential over about -60 mV (Fig. 4b). 
The effect of positive membrane potential on opening 
and closing of the OprD2 channel appeared to be less 
significant as reported for another porin [15]. The gat- 
ing activity of the OprD2 channel is consistent with our 
recent findings that OprD2 is fabricated with the gate 
forming domain whose removal by trypsin treatment 
resulted in the channel being activated [12]. 
0prD2 is thought to be responsible for the selective 
passage of imipenem, and basic amino acids [I 61. We 
have attempted to test the effect of imipenem. L-lysine, 
r_-arginine and L-histidine on OprD2 channel activity. 
We were unable to detect a change in channel activity 
in the presence of 10 mM imipenem or 100 mM or less 
of the above-mentioned amino acids. 
Thus, it is highly possible that LPS and possibly other 
cellular component(s) regulate the opening and closing 
of the 0prD2 gate controlling the solute passage 
through the channels in the outer membrane. To the 
best of our knowledge, the data presented in this paper 
have demonstrated for the first time that LPS promotes 
opening of the gate for the porin channel, and that low 
membrane potential tends to close the open state of the 
channels. High frequency of opening and closing of the 
channel is unusual among porins. 
Ackno~vledgenzent: We thank Dr. E. Yoshihara. of our laboratory, for 
the highly purtfied OprDZ that was used in part of these experiments. 
Thanks are also due to the Natto Foundation for financtal support. 
REFERENCES 
[l] Nakae, T. (1976) J. Biol. Chem. 251. 21762178. 
[2] Nakae. T. (1976) Biochem. Biophys. Res. Commun. 71.877-884. 
[3] Benz, R.. Janko, K., Boos. W. and Lauger, P (1978) Biochim. 
Btophys. Acta 511, 3055319. 
[4] Schindler, H. and Rosenbusch. J.P. (1981) Proc. Natl. Acad. Sci. 
USA 78, 2302-2306. 
[5] Delcour, A., Adler, J., Kung. C. and Martinac. B. (1991) FEBS 
Lett 304, 216-220. 
[6] Martmac. B.. Buechner, M.. Delcour, A.H.. Adler, J. and Kung, 
C. (1987) Proc. Nat]. Acad. Sci. USA 84. 2297-2301. 
[7] Yoshihara. E. and Nakae. T. (1989) J. Biol. Chem. 264, 62977 
6301. 
[S] Yoshimura, F. and Nikardo. H. (1982) J. Bacterial. 152.6355642. 
[9] Quinn, J.P.. Dudek, E.J.. DrVmcenzo. L.A. Lucks, D.A. and 
Lerner. SA (1986) J Infect. Dts. 154, 289-294. 
[lo] Btischner. K.H., Cullmann, W., Dick, W.. Wendt, S. and Op- 
ferkusch. W (1987) J Inf. Dis 154, 2899294. 
[ll] Satake. S.. Yoshihara. E. and Nakae, T. (1990) Antimicrob. 
Agents Chemother. 34. 6855690. 
[12] Yoshihara. E. and Nakae, T (1992) FEBS Lett. 306, 5-8. 
[13] Galanos. C.. Luderitz, 0. and Westphal. 0. (1969) Eur. J. Bio- 
them. 9. 2455249. 
[14] Qbara. M. and Nakae. T. (1992) Btochem. Biophys. Res. Com- 
mun. 186, 645-651. 
[15] Jeanteur, D., Gletsu. N., Pattus, F. and Buckley. J. (1992) Molec. 
Mtcrobiol. 6, 335553363. 
[16] Trias, J., Dufresne, J , Levesque, R.C. and Nikaido, H. (1989) 
Antrmicrob. Agents Chemother. 33, 1201-1206. 
255 
